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Abstract
We present results for inclusive π0 production in proton–proton and in Au–Au at RHIC energy
√
s = 200 GeV. We use next-
to-leading order perturbative QCD calculation and we include nuclear effects such as parton energy loss and nuclear shadowing.
We consider the ratio of π0 distribution in Au–Au and p–p collisions for pT > 3 GeV for three cases of parton energy loss:
(1) constant parton energy loss per parton scattering, an = const, (2) Landau–Pomeranchuk–Migdal energy-dependent energy
loss, an ∼
√
Ean and (3) Bethe–Heitler energy-dependent energy loss, an ∼ Ean . We show that recently observed suppression
of π0 production in Au–Au collisions at RHIC, which is found to increase with pT increasing from 3 GeV to 8 GeV, can be
reproduced by an = 0.06Ean . We show that the ratio of prompt photons to neutral pions produced in Au–Au collisions at RHIC
has a strong pT dependence approaching one at pT ∼ 10 GeV.
 2003 Published by Elsevier Science B.V. Open access under CC BY license.Recent results from the relativistic heavy-ion col-
lider (RHIC) showing large suppression of π0 produc-
tion in Au–Au collisions relative to proton–proton col-
lision, in the large pT region (3 GeV <pT < 8 GeV),
have created new excitement in the field [1]. Since par-
tons produced in hard parton–parton collisions propa-
gate through the hot and dense medium created in the
heavy-ion collision and lose their energy, production
of large pT pions could potentially provide a unique
opportunity for studying the properties of the hot and
dense matter and the possible formation of a new
phase, the quark–gluon plasma [2–4]. Furthermore,
parton energy loss is expected to suppress the spec-
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Open access under CCtrum of the final state pions produced in heavy-ion col-
lision as compared to pions produced in hadronic col-
lisions [5]. The observed pT dependence of the sup-
pression was quite unexpected [1] and posed a great
challenge for theoretical models which typically pre-
dicted a rise of this ratio with pt at large transverse
momentum [5].
The aim of this Letter is to show that the observed
suppression can be reproduced in an economical way
using next-to-leading order pQCD calculation of in-
clusive π0 production [9] augmented with energy de-
pendent energy loss and nuclear shadowing. We em-
phasize that NLO pQCD [9] predictions for π0 pro-
duction in proton–proton collisions at RHIC energy of√
s = 200 GeV was found to be in good agreement
with PHENIX data [1] for pT > 3 GeV without a need
BY license.   
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tum. We show that assuming that 6% of parton energy
is lost per each parton scattering, one can reproduce
the observed pt dependence of the suppression. Here
we also present results for prompt photon production
in proton–proton and in Au–Au collisions at RHIC en-
ergy of
√
s = 200 GeV and discuss the pT region in
which prompt photons become dominant.
In perturbative QCD, the inclusive cross section for
pion production in a hadronic collision is given by:
Eπ
d3σ
d3pπ
(√
s,pπ
)
=
∫
dxa
∫
dxb
∫
dz
×
∑
i,j
Fi
(
xa,Q
2)Fj (xb,Q2)Dc/π (z,Q2f )
(1)×Ec d
3σˆij→cX
d3pc
,
where Fi(x,Q2) is the ith parton distribution in a nu-
cleon, xa and xb are the fractional momenta of incom-
ing partons, Dc/π (z,Q2f ) is the pion fragmentation
function, z is the fraction of parton energy carried by
the pion and d
3σˆij→cX
d3pc
are parton–parton cross sections
which include leading-order,O(α2s ), subprocesses and
the next-to-leading order, O(α3s ), subprocesses.
The parton distribution functions Fi(x,Q2) are
measured in deep inelastic scattering experiments at
HERA [6], while fragmentation functions, Dc/π(z,
Q2f ), that describe the transition of the partons into
the final-state pions are extracted from e+e− annihi-
lation data from PETRA, PEP and LEP [7]. We use
MRS99 parameterization of nucleon structure func-
tions [8], which includes NLO corrections, BKK pion
fragmentation functions [7], and we set renormaliza-
tion, factorization and fragmentation scale to be equal
to pT . Varying scale from pT to 2pT does not af-
fect the shape of the distribution, but rather the over-
all normalization [9,10]. Our results for inclusive π0
production in proton–proton collision at RHIC energy
is shown in Fig. 1. Recent PHENIX data on π0 pro-
duction in proton–proton collision at
√
s = 200 GeV
is found to be in agreement with NLO pQCD predic-
tions [1]. Since we restrict ourselves to pt > 3 GeV
region, we do not include the so-called parton intrin-sic momenta which are expected to be rather small in
the high pt region [11].
To calculate the inclusive cross section for pion pro-
duction in heavy ion collisions, we will use (1) with
the distribution and fragmentation functions appropri-
ately modified to include nuclear effects such as shad-
owing and energy loss. The modification of the parton
distribution, known as nuclear shadowing (for a review
see [12]), can be written as
Fa/A
(
x,Q2, bt
)= TA(bt )Sa/A(x,Q2)Fa/N(x,Q2),
where TA(bt ) is the nuclear thickness function,
Fa/N(x,Q
2) is the parton distribution function in
a nucleon and Sa/A(x,Q2) is the parton shadow-
ing function. We use recent parameterization of the
shadowing function of Eskola, Kolhinen and Salgado
(EKS98), which is Q2 dependent, distinguishes be-
tween quarks and gluons [13] and is shown to be in
very good agreement with the NMC data on Q2 de-
pendence of FSn2 /F
C
2 [14].
We also include the medium induced parton energy
loss effect. Fast partons produced in parton–parton
collision propagate through the hot and dense medium
and through scatterings lose part of their energy [15]
and then fragment into hadrons with a reduced energy.
While a dynamical study of the parton propagation in a
hot and dense medium created in a realistic heavy-ion
collision and the modification of the hadronization is
more desirable, we will use a simple phenomenologi-
cal model [16] here to demonstrate sensitivity of pion
production to the parton energy loss. Given the inelas-
tic scattering mean-free-path, λa , the probability for a
parton type a to scatter n times within a distance &L
before it escapes the system is assumed to be given by
the Poisson distribution. The modified fragmentation
function is given by [16],
zDa/π
(
z,&L,Q2
)
(2)
=
N∑
n=0
Pa(n)
[
zanD
0
c/π
(
zan,Q
2)
+
n∑
m=1
zamD
0
g/π
(
zam,Q
2)],
where zan = zEaT /Ean , Ean+1 = Ean − an , zam = pT /am
and D0a/π is the hadronic fragmentation function
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would fragment into a pion. The average number of
scatterings within a distance &L is 〈na〉 =&L/λa . We
take λa = 1 fm and &L=RA.
We calculate the invariant cross section for π0 pro-
duction in heavy-ion collision normalized to the num-
ber of binary nucleon–nucleon collisions, Ncoll, where
Ncoll can theoretically be determined from nuclear
overlapping function, i.e., Ncoll = TAA(b)σNNinel . The
number of N–N collisions depends on the centrality
that experiment triggers on. Here we take Ncoll = 975,
which is obtained by PHENIX for their central col-
lisions [1]. In order to investigate the sensitivity of
our results to the choice of energy loss parameters in
the model of [16], we consider three cases of parton
energy loss. First we take energy loss to be constant
in each parton scattering, an = const, then we con-
sider LPM energy-dependent energy loss [15], an =
αs
√
EanELPM and BH energy-dependent energy loss,
an = κEan . The scale separating the LPM region of va-
lidity from the BH region is given by the product of
the average 〈p2T 〉 being the kick that parton gets from
each collision and the mean free path, λa . Taking 〈p2T 〉
to be 1 GeV2 and λa to be 1 fm, one gets the scale to be
about 5 GeV. Above this scale, one would expect LPM
effect to be dominant. However, increasing the value
of λa or 〈p2T 〉 shifts the transition place to higher val-
ues of pT . Furthermore, one should keep in mind that
LPM effect in QCD has been derived for static scatter-
ers [15], which may not be suitable approximation in
case on hot QGP. We find that the parton energy loss
is mostly responsible for the observed suppression of
hadron spectra in heavy ion collisions and that nuclear
shadowing is a small effect (< 10% at most). Further-
more, the pT spectra are quite insensitive to the choice
of scales [10].
We show our results for the inclusive π0 production
in Au–Au collisions at
√
s = 200 GeV in Fig. 1
for different choice of parton energy loss parameter,
an . We chose the value for the constant energy loss,
an = 0.3 GeV, ELPM = 0.35 GeV, and the fraction
of the energy lost per scattering, κ = 6%, such that
the suppression at pT = 3 GeV is consistent with the
observed suppression for pT  3 GeV [17]. Then we
predict the shape of pT distribution for pT > 3 GeV
for different choices of energy loss. We note that pT
distribution of neutral pions is much steeper in case of
BH energy-dependent parton energy loss.Fig. 1. Inclusive π0 cross section in proton–proton and in Au–Au
collisions at
√
s = 200 GeV.
Fig. 2. Ratio of inclusive π0 cross sections in Au–Au collision and
in proton–proton collision at
√
s = 200 GeV.
In Fig. 2 we show the ratio of π0 production in Au–
Au collisions to the one in p–p collisions for different
choice of parton energy loss parameter, an . We find
that for constant energy loss and for LPM energy-
dependent energy loss, the ratio increases with pT ,
while for the BH case, the ratio slightly decreases with
pT . We show that the ratio is very sensitive to the
fraction of energy loss, for example, for κ = 3%, it
decreases from about 50% to 35% for pT increasing
from 3 GeV to 12 GeV, while for κ = 10% it increases
from 90% to 96%. When κ = 6%, the suppression
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8 GeV, in agreement with recent PHENIX data [18].
Clearly measurements of inclusive pion production
at RHIC energies for pT > 3 GeV have provided valu-
able information about the medium induced parton
energy loss since nuclear shadowing effects are very
small (few %) and the observed suppression of π0 in
Au–Au collisions can be described with an energy-
dependent parton energy loss. However, theoretical
expectations that a LPM type of energy loss should
be present is clearly not seen for pT < 5–6 GeV while
LPM type energy loss seem to work for higher pT .
One should keep in mind that all theoretical calcula-
tions of LPM energy loss are for very energetic par-
tons and at high pT and applicability to RHIC at low
to intermediate pT s is not appropriate. BH type of en-
ergy loss seem to reproduce the data quite well up to
pT ∼ 8–10 GeV but will fail beyond that. The most
interesting aspect of this is that there seems to be dif-
ferent energy loss mechanisms at work at different
pT s. Understandingπ0 production at RHIC is also im-
portant because large-pT π0 pions form a significant
background for the prompt photons.
Studying photon production at the RHIC is also of
special interest, as it has been suggested as an elegant
signal for detecting the formation of a quark–gluon
plasma (QGP) in heavy-ion collisions [19]. Photons
can be produced at different stages of the heavy-ion
collision: photons produced at the early stages of the
collision through hard parton–parton scatterings or
they can be emitted from a thermalized quark–gluon
plasma or hadronic gas. Furthermore, prompt photons
are an important background to thermal photons in the
low to intermediate pt region and are dominant in the
high pt region. Therefore, it is extremely important
to be able to calculate their production cross section
reliably. Here we present results for prompt photon
production in proton–proton and in Au–Au collisions
at RHIC energy of 200 GeV using the NLO pQCD
code of Aurenche et al. with nuclear shadowing and
medium induced parton energy loss effects included.
We use the same initial parton distributions, choice
of scales, nuclear shadowing function and choice
of parton energy loss, an = 0.06Ean as for pions.
However, we note that in prompt photon production
there are two types of subprocesses that contribute,
direct processes and bremsstrahlung processes, the
later one being convoluted with the fragmentationFig. 3. Prompt photon production in proton–proton and in Au–Au
collisions at
√
s = 200 GeV.
function [9]. Fragmentation functions, Dc/γ (z,Q2f ),
that describe the transition of the partons into the final-
state γ , without medium effects, are extracted from
e+e− data [20]. In Fig. 3 we show our results for
prompt photon distribution in proton–proton and in
Au–Au collisions at
√
s = 200 GeV. We note that
suppression of prompt photons produced in heavy-ion
collisions is much less that for π0. This is due to the
fact that only bremsstrahlung processes are affected
by the parton energy loss, which contribute 24% to
the cross section at pT = 3 GeV and 6% at pT =
12 GeV. For the same reason, prompt photons are not
very sensitive to a different choice of parton energy
loss.
In Fig. 4 we show the ratio of prompt photon
production in Au–Au and in proton–proton collision
compared to the same ratio in case of π0 production.
We take an to be energy-dependent, an = 0.06Ean . We
find that the ratio for prompt photon production is not
very sensitive to the choice of energy loss, and for all
choices considered, constant parton energy loss and
energy-dependent parton energy loss, the suppression
decreases with increasing pT . We find that while the
π0 suppression increases from 76% to 88% for pT
increasing from 3 GeV to 12 GeV, prompt photon
suppression decreases from 40% to 15% in the same
range of pT .
In Fig. 5, we show the ratio of prompt photons
to π0 as a function of transverse momentum for
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proton–proton collision at
√
s = 200 GeV, compared with the same
ratio for neutral pions.
Fig. 5. Ratio of prompt photon and π0 cross sections at
√
s = 200
GeV.
√
s = 200 GeV, including nuclear shadowing and
energy-dependent parton energy loss, an = 0.06Ean .
We also show this ratio for proton–proton collisions
at the same energy. In Au–Au collisions at RHIC,
because of the large π0 suppression relative to prompt
photons at RHIC energies, this ratio increases with pT
approaching 1 at pT ∼ 10 GeV.
In summary we have investigated inclusive pion
and prompt photon production in proton–proton andin Au–Au collisions at RHIC. We have used the
NLO pQCD results of Aurenche et al. for pion and
prompt photon production in proton–proton collisions
and included nuclear shadowing and medium induced
parton energy loss by modifying the final state pion
and photon fragmentation functions.
We find nuclear shadowing effects to be rather
small while medium induced parton energy loss re-
sults in large suppression of π0 production in Au–
Au collisions at
√
s = 200 GeV. We show that the
suppression is sensitive to the type of energy loss as-
sumed. In the case of constant or LPM energy loss,
the suppression decreases with increasing pT . On the
other hand, when partons traversing the medium lose
constant fraction of their energy, the suppression be-
comes stronger at higher pT , which seems to be in
agreement with recent PHENIX data [1]. The fact
that one can reproduce the data with our simple and
quite naive model of energy loss is remarkable. In-
deed, there are now more sophisticated models which
include effects such as intrinsic transverse momen-
tum of incoming partons, pT broadening due to mul-
tiple parton scatterings as well as effects due to fi-
nite energy of the partons. These models also lead
to the suppression of pion production in Au–Au col-
lisions, however, the suppression is either decreas-
ing with pT [21] or is almost pT independent for
2 GeV < pT < 20 GeV at RHIC energies [22]. The
effects of dynamical expansion of the collision re-
gion have been recently studied and related via scaling
law to an equivalent static scenario [23]. The advan-
tage of our simplistic model is that it can reproduce
the data with only a few model-dependent assump-
tions.
Using our results for pion production, we predict
the prompt photon production cross section in proton–
proton and Au–Au collisions at RHIC, where we use
an energy-dependent parton energy loss, an = 0.06Ean
and EKS nuclear shadowing function. We also present
the ratio of prompt photon and π0 production at
RHIC, of relevance to separating different sources of
photon production. At RHIC energy we find that at
pT = 3 GeV direct processes contribute about 75%,
while bremsstrahlung processes are remaining 25%.
This changes significantly as one goes to higher ener-
gies, such as LHC, where bremsstrahlung contribution
becomes dominant and photons become as suppressed
as pions [10].
50 S. Jeon et al. / Physics Letters B 562 (2003) 45–50Acknowledgements
We are indebted to P. Aurenche and J.P. Guillet
for providing us with the fortran routines for calcu-
lating π0 and photon production in hadronic colli-
sions. We thank D. d’Enterria, M. Tannenbaum and
S. Mioduszewski for many helpful suggestions. I.S. is
supported in part through US Department of Energy
Grants Nos. DE-FG03-93ER40792 and DE-FG02-
95ER40906. S.J. is supported in part by the Nat-
ural Sciences and Engineering Research Council of
Canada. J.J.-M. is supported in part by a PDF from
BSA and by US Department of Energy under Contract
No. DE-AC02-98CH10886.
References
[1] PHENIX Collaboration, D. d’Enterria, Talk presented at Quark
Matter 2002, 18–24 July, 2002, Nantes, France;
PHENIX Collaboration, S. Mioduszewski, Talk presented at
Quark Matter 2002, 18–24 July, 2002, Nantes, France.
[2] X.N. Wang, M. Gyulassy, Phys. Rev. Lett. 68 (1992) 1480.
[3] N. Hammon, A. Dumitru, H. Stocker, W. Greiner, Phys. Rev.
C 57 (1998) 3292;
A. Dumitru, N. Hammon, hep-ph/9807260.
[4] J. Jalilian-Marian, K. Orginos, I. Sarcevic, Phys. Rev. C 63
(2001) 041901;
J. Jalilian-Marian, K. Orginos, I. Sarcevic, Nucl. Phys. A 700
(2002) 523.
[5] X.N. Wang, Phys. Rev. C 61 (2000) 064910;
M. Gyulassy, P. Levai, I. Vitev, Nucl. Phys. A 698 (2002) 631;
I. Vitev, Nucl. Phys. B 594 (2001) 371.
[6] H1 Collaboration, C. Adloff, et al., Nucl. Phys. B 497
(1997) 3;ZEUS Collaboration, J. Breitweg, et al., Eur. Phys. J. C 7
(1999) 609.
[7] J. Binnewies, B.A. Kniehl, G. Kramer, Z. Phys. C 65 (1995);
J. Binnewies, B.A. Kniehl, G. Kramer, Phys. Rev. D 52 (1995).
[8] A.D. Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne, Eur.
Phys. J. C 14 (2000) 133.
[9] P. Aurenche, M. Fontanaz, J.Ph. Guillet, B. Kniehl, E. Pilon,
M. Werlen, Eur. Phys. J. C 13 (2001) 347.
[10] S. Jeon, J. Jalilian-Marian, I. Sarcevic, hep-ph/0207120.
[11] G. Papp, G.G. Barnafoldi, P. Levai, G. Fai, hep-ph/0212249.
[12] M. Arneodo, Phys. Rep. 240 (1994) 301.
[13] K. Eskola, V. Kolhinen, P. Ruuskanen, Nucl. Phys. B 535
(1998) 351.
[14] New Muon Collaboration, M. Arneodo, et al., Nucl. Phys.
B 481 (1996) 23.
[15] R. Baier, Y. Dokshitzer, A. Mueller, S. Peigne, D. Schiff, Nucl.
Phys. B 483 (1997) 291;
R. Baier, Y. Dokshitzer, A. Mueller, S. Peigne, D. Schiff, Nucl.
Phys. B 484 (1997) 265.
[16] X.-N. Wang, Z. Huang, I. Sarcevic, Phys. Rev. Lett. 77 (1996)
231;
X.-N. Wang, Z. Huang, Phys. Rev. C 55 (1997) 3047.
[17] PHENIX Collaboration, K. Adcox, et al., Phys. Rev. Lett. 88
(2001) 022301.
[18] R. Pisarski, Talk presented at Quark Matter 2002, 18–24 July,
2002, Nantes, France.
[19] L. McLerran, T. Toimela, Phys. Rev. D 31 (1985) 545;
E.V. Shuryak, Phys. Lett. B 78 (1978) 150;
E.V. Shuryak, Phys. Rep. 61 (1980) 72.
[20] M. Gluck, E. Reya, A. Vogt, Phys. Rev. D 48 (1993) 116;
M. Gluck, E. Reya, A. Vogt, Phys. Rev. D 51 (1995) 1427,
Erratum;
L. Bourhis, M. Fontannaz, J.Ph. Guillet, Eur. Phys. J. C 2
(1998) 529.
[21] E. Wang, X.-N. Wang, Phys. Rev. Lett. 89 (2002) 162301.
[22] I. Vitev, M. Gyulassy, Phys. Rev. Lett. 89 (2002) 252301.
[23] C.A. Salgado, U.A. Wiedemann, Phys. Rev. Lett. 89 (2002)
092303.
